Understanding information processing in the brain requires us to monitor neural activity 
neurotransmitter and neuromodulator release, and membrane voltage [1] . Most popular are the 23 calcium indicators (e.g., GCaMP6 [2]) and glutamate sensors (e.g., iGluSnFR [3]), with their 24 success partly attributable to their slow temporal dynamics (e.g., rise and decay times of 100 -25 1000's milliseconds for GCaMP6 and tens of milliseconds for iGluSnFR), which can be adequately 26 sampled with conventional 2PFM systems. Indeed, using point scanning and near-infrared Imaging faster events, however, is more challenging. Indicators reporting membrane 30 voltage, arguably the most direct and important measure of neural activity, have rise and decay 31 times measured in milliseconds. Too fast for the frame rate of conventional 2PFM to match, their 32 in vivo imaging demonstrations were mostly carried out by widefield fluorescence microscopy with 33 comparatively poor spatial resolution and limited to superficial depths of the brain [7, 8] . In other 34 words, the capability of state-of-the-art indicators has outstripped our ability to image them at 35 sufficiently high speed, especially at high spatial resolution and in large depths of scattering brains.
36
The imaging speed of conventional 2PFM is limited by laser scanners, such as 37 galvanometric mirrors, to tens of frame per second (fps) [5, 6] . Its effective pixel dwell time
38
(typically microseconds) is much longer than the ultimate limit imposed by the fluorescence 39 lifetime (typically nanoseconds), below which substantial crosstalk of fluorescence from 40 neighboring pixels can occur [9] . By leveraging an all-optical, passive laser scanner based on a 41 concept termed free-space angular-chirp-enhanced delay (FACED) [10] , here we demonstrated 42 2PFM at 1,000 fps, with the pixel dwell time flexibly configured to reach the fluorescence lifetime. 43 We applied it to ultrafast monitoring of calcium activity, glutamate release, and action potentials 1-MHz collimated femtosecond laser was focused into a nearly parallel mirror pair with a converging angle ∆θ by a cylindrical lens. After multiple reflections, the misalignment angle α caused the beamlets to retroreflect (e.g., the red rays). Beamlets at different incidence angles (e.g., red versus gray rays) emerged with distinct propagation directions and temporal delays. Equivalently, the sequence of multiple beamlets (N = ∆θ/α) at the output of the FACED module can be treated as light emanating from an array of virtual sources. These beamlets were then coupled into a 2PFM, and formed (b) an array of spatially separated and temporally delayed foci at the focal plane of a microscope objective. 3 with a variety of activity indicators. We showed that this ultrafast 2PFM can image both 45 spontaneous and sensory-evoked action potentials in awake mouse brains in vivo.
46
The principle of FACED was detailed previously (Fig. 1a) [10]. Briefly, a pulsed laser 47 beam was focused in 1D by a cylindrical lens and obtained a converging angle ∆θ. It was then 48 launched into a pair of almost parallel high-reflectivity mirrors with separation S and misalignment 49 angle α. After multiple reflections by the mirrors, the laser beam/pulse was split into multiple 50 beamlets/subpulses (N= ∆θ/α) of distinct propagation directions and eventually retroreflected with 51 an inter-pulse temporal delay of 2S/c, with c being the speed of light. After being relayed to enter 52 a microscope objective, this pulse train formed an array of spatially separated and temporally 53 delayed foci (Fig. 1b) . In a fluorescent sample, they excited two-photon fluorescence in 54 succession, which could be detected by a photomultiplier tube, sampled at high speed, and 55 assigned to individual foci and image pixels. Effectively, this passive FACED module allows line 56 scanning at the repetition rate of the pulsed laser, typically MHz.
57
In this work, we designed a FACED module to incorporate into a standard 2PFM upgraded 58 with a high-speed data acquisition system (625 MS/s) (Supplementary Methods,
59
Supplementary Fig. 1 ). With a laser system of 1 MHz repetition rate, our FACED module beads. From the first to last, the foci were images of virtual sources formed after distinct numbers 64 of mirror reflections and located at increasing distances away (Fig. 1a) , with the more distant 65 virtual sources leading to larger beam sizes at the back focal plane of the objective. As a result,
66
the more temporally delayed pulses have smaller foci along both the lateral and axial directions 67 (Fig. 1c) . The beams filled the back focal plane more along the Y than X/FACED axis, and gave 68 rise to ~0.8 µm (X) and ~0.35 µm (Y) lateral resolution, sufficient to resolve subcellular structures.
69
With the FACED module providing 1 MHz line scan rate, we obtained a frame rate of 1,000 fps
70
by scanning the Y galvanometer at 500 Hz and collecting data bidirectionally. The additional X
71
galvanometer allowed us to tile the images to cover a larger field of view, if desired.
72
We first used the FACED 2PFM to image calcium dynamics using genetically encoded Methods, Supplementary Fig. 9, Figs. 3a, b) . In one neuron, we detected 157 action potentials 109 within 160 s of recording (Fig. 3c) . From the average fluorescence waveform of this (Fig. 3c) and 
9
FACED 2PFM could also detect visually evoked spiking responses of neurons in V1 of 115 awake mice. In one example (Fig. 3e) for the preferred orientation than the null orientation, corresponding to an orientation selectivity 123 index of 0.7 (Fig. 3f) .
124
In summary, using an all-optical passive laser scanner based on FACED, we achieved 125 ultrafast kilohertz imaging of neural activity with subcellular resolution in the mouse brain in vivo.
126
The highest average power used in these experiments, 50 mW post objective, remains within the 
136
Pushing the speed of two-photon fluorescence imaging to its fundamental limit, i.e. with a 137 pixel dwell time similar to fluorescence lifetime, the FACED approach is readily compatible with 138 conventional galvanometer-based 2PFMs and transform them to achieve kHz frame-rate imaging. 
FACED two-photon fluorescence microscope (2PFM)

153
The simplified schematic of the FACED 2PFM is shown in Supplementary Fig. 1a . eventually reflected back, following a set of zig-zig paths determined by their angles of incidence.
162
After the FACED module, the rays (e.g. red rays in Fig. 1a ) subjected to the same number of between the two mirrors set at 300 mm, the time delay between adjacent pulses was 2 ns.
180
The two-photon excited fluorescence signal was collected by the same microscope the major imaging parameters used in this work).
196
The raw data from the digitizer was saved as 1D waveforms. The Gen-1 PCIe 16× slot first and last 1000 data points in Fig. 2a ) with a single exponential function.
215
In the voltage indicator datasets, the ROI was selected to efficiently cover the cell spikes from the same neuron at peak response, and measured the rise (10% to 90%), decay (90% 223 to 10%) and FWHM time from their averaged traces.
224
For the neuron whose response exhibited orientation selectivity (Fig. 3f) , we fit its spike controlled by a hydraulic manipulator (Narishige, MO10) was inserted into the pipette and used was then attached to the skull with cyanoacrylate glue and dental acrylic. In vivo imaging was 287 carried out after at least two weeks of recovery with single or paired housing and habituation for 288 head fixation. All imaging experiments were carried out on head-fixed awake mice.
289
Visual stimulation in head-fixed awake mice 290 Visual stimuli were presented by a liquid crystal display (7-inch diagonal and 1920 × 1200 pixels).
291
The screen was positioned at 15 cm from the eye of the mice and orientated at ∼40° to the long 
